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Tissue-specific transcription patterns are pre-
served throughout cell divisions to maintain lineage
fidelity. We investigated whether transcription factor
GATA1 plays a role in transmitting hematopoietic
gene expression programs through mitosis when
transcription is transiently silenced. Live-cell imaging
revealed that a fraction of GATA1 is retained focally
within mitotic chromatin. ChIP-seq of highly purified
mitotic cells uncovered that key hematopoietic regu-
latory genes are occupied by GATA1 in mitosis. The
GATA1 coregulators FOG1 and TAL1 dissociate
frommitotic chromatin, suggesting that GATA1 func-
tions as platform for their postmitotic recruitment.
Mitotic GATA1 target genes tend to reactivate more
rapidly upon entry into G1 than genes from which
GATA1 dissociates. Mitosis-specific destruction of
GATA1 delays reactivation selectively of genes that
retain GATA1 during mitosis. These studies suggest
a requirement of mitotic ‘‘bookmarking’’ by GATA1
for the faithful propagation of cell-type-specific tran-
scription programs through cell division.
INTRODUCTION
During development lineage committed cells undergo numerous
cell-division cycles. For example, erythroid cells not only
traverse several divisions as they mature, but cell-cycle progres-
sion is required for their differentiation and onset of high-level
erythroid-specific gene expression (Pop et al., 2010). Themitotic
phase of each cell-division cycle is characterized by a global
silencing of transcription associated with the separation from
mitotic chromosomes of RNA polymerase II (pol2) and the
majority of general and tissue-/gene-specific transcription
factors (Prescott and Bender, 1962; Taylor, 1960; for review
see Delcuve et al., 2008; Gottesfeld and Forbes, 1997; Sarge
and Park-Sarge, 2009; Zaidi et al., 2010). Mitosis is therefore
thought to present a challenge to the maintenance of transcrip-tional states and, by extension, to the normal maturation of
committed progenitor cells and the preservation of lineage
fidelity. On the other hand, it has been argued that mitosis might
afford an opportunity for directed changes in cell type or devel-
opmental stage (Egli et al., 2008).
How transcriptional programs are re-established in newborn
cells has become the focus of numerous recent studies. What
has become clear is that not all signatures of active gene expres-
sion are erased during mitosis. The acetylation and methylation
of histones are partially or completely maintained during mitosis
(Aoto et al., 2008; Blobel et al., 2009; Bonenfant et al., 2007;
Kouskouti and Talianidis, 2005; Kruhlak et al., 2001; McManus
et al., 2006; Sasaki et al., 2009; Valls et al., 2005; Zaidi et al.,
2003). Histone variants that mark active genes remain localized
at the promoter regions (Bruce et al., 2005; Kelly et al., 2010),
and in some cases (Kuo et al., 1982; Martı´nez-Balba´s et al.,
1995) but not others (Komura et al., 2007) regions of accessible
chromatin, as reflected in enhanced DNaseI sensitivity, remain in
their uncompacted state during mitosis. There even seems to
exist mitosis-specific unwinding of promoter DNA at genes
that are active during interphase (Michelotti et al., 1997). General
factors, such as members of the BET family, the histone methyl-
transferase MLL and, albeit variably, the acetyltransferase p300,
have been reported to remain bound to subsets of genes during
mitosis (Blobel et al., 2009; Dey et al., 2000; Kanno et al., 2004;
Kouskouti and Talianidis, 2005; Kruhlak et al., 2001; Zaidi
et al., 2003). Moreover, the basal transcription factor TBP
(TATA binding protein) has been reported to mark active genes
during mitosis (Chen et al., 2002; Christova and Oelgeschla¨ger,
2002; Xing et al., 2008) although other studies found TBP to
largely depart from mitotic chromatin (Blobel et al., 2009;
Komura et al., 2007; Segil et al., 1996; Varier et al., 2010). Finally,
a select few sequence-specific DNA binding proteins remain
at least partially associated with chromatin during mitosis,
including RUNX2, AP2, HSF2, and FoxI1 (Martı´nez-Balba´s et al.,
1995; Xing et al., 2005; Yan et al., 2006; Young et al., 2007a;
Young et al., 2007b; for review see Egli et al., 2008).
The presence of one or more of these features at a given gene
duringmitosis has been invoked to account for a mitotic memory
function that ensures the accurate and timely reactivation of
gene expression upon G1 entry. Despite these important effortsCell 150, 725–737, August 17, 2012 ª2012 Elsevier Inc. 725
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Figure 1. Focal Colocalization of GATA1
with Mitotic Chromosomes in Erythroid
Cells
(A) Confocal microscopy of live, unsynchronized
cells expressing YFP-GATA1-ER exposed to
Hoechst live stain. Images of single cells were
cropped to 300 3 300 pixels.
(B) Quantitative analysis of YFP-GATA1-ER local-
ization of a representative cell in metaphase as in
the middle of (A). Intra- and extrachromosomal
territories (brown overlaid in middle and right
panels, respectively) and GATA1 foci (white,
overlaid in lower panels) were defined as
described in the text. Note that GATA1 foci co-
localize with chromatin.in defining mitosis-associated factors, a role for transcriptional
bookmarking has largely been inferred based simply on their
physical association with mitotic chromatin. In particular, the
hierarchy of events, such as the mitotic binding of transcription
factors and their cofactors, the mitotic preservation of histone
modifications, as well as their respective contributions to the
reassembly of the transcription apparatus upon mitotic exit,
remains mostly speculative. Thus, in our view, a major challenge
that has yet to be met is the demonstration that a given factor
or histone modification directly bestows a bookmarking function
on an associated gene. Past efforts to address this question
include the knockdown of potential mitotic bookmarking factors.
For instance, the depletion of Brd4 delays the onset of expres-
sion of select genes during entry into G1 (Dey et al., 2009;
Yang et al., 2008). Knockdown ofMLL likewise impairs the timely
reactivation of genes that are selectively occupied byMLL during
mitosis (Blobel et al., 2009). However, the interpretation of
such experiments is confounded by possible effects of the
knockdowns during nonmitotic phases of the cell cycle.
Here we examined whether tissue-specific transcription
factors might be involved in the mitotic bookmarking of select
lineage-specific genes. The hematopoietic transcription factor
GATA1 seemed an ideal candidate as a bookmarking factor
because it controls the expression of virtually all erythroid-
specific genes (for review see (Ferreira et al., 2005). GATA1,
a zinc finger protein, is essential for normal erythroid develop-
ment. Mice lacking GATA1 succumb to anemia due to the failure
to produce mature viable erythroid cells (Fujiwara et al., 1996).
Mutations in GATA1 underlie certain forms of congenital726 Cell 150, 725–737, August 17, 2012 ª2012 Elsevier Inc.anemias and are invariably found in
Down syndrome patients with acutemeg-
akaryoblastic leukemias (Nichols et al.,
2000; Wechsler et al., 2002).
Here we report a unique pattern
of GATA1 chromatin occupancy during
mitosis and reveal an essential mitosis-
specific role of GATA1 for postmitotic
transcription reactivation. The results
suggest that GATA1 is required for the
normal propagation of a hematopoietic
transcriptional program through mitosis,
thus contributing to the stable mainte-nance of lineage- and stage-appropriate gene expression
patterns during development.
RESULTS
GATA1 Focally Associates with Mitotic Chromatin
in Erythroid Cells
To monitor GATA1 localization on a global scale in living, unsyn-
chronized erythroid cells, GATA1-YFP fusion constructs (Fig-
ure S1A, available online) were stably introduced into G1E cells.
G1E cells are erythroid precursors that lack GATA1 and
consequently fail to mature (Weiss et al., 1997). Introduction of
a conditional form of GATA1 (GATA1 fused to the ligand binding
domain of the estrogen receptor [ER]) conveys estradiol (E2)-
dependent erythroid maturation in amanner faithfully reproducing
that of normal erythroid cells. GATA1-ER target gene occupancy
and expression closely match that of endogenous GATA1 in
primary erythroblasts (Pilon et al., 2011; Welch et al., 2004),
providing a physiological assay for GATA1 function. Both
N-terminal and C-terminal YFP fusions of GATA1-ER were
generated to account for potential effects of YFP on GATA1-ER
function. YFP-GATA1-ER and GATA1-ER-YFP were expressed
at levels similar to endogenous GATA1 (Figure S1B) and were
equally capable of inducing erythroid differentiation when com-
pared to wild-type GATA1 (Figures S1C–S1D). The localization of
E2-activated YFP-GATA1-ER was monitored in interphase and
mitosis by using confocal microscopy (Figure 1A) in live cells
stained with the Hoechst 33342 DNA stain. Although G1E cells
are nonadherent, we obtained sufficiently clear images, allowing
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Figure 2. Purification of Mitotic Erythroid
Cells
(A) Purification protocol (right). DNA content and
H3S10ph were measured in untreated or nocoda-
zole-arrested G1E cells (upper left). Note incom-
plete enrichment (66%) of mitotic cells in the
nocodazole-treated population. Purification of
H3S10ph enriched mitotic cells to >98% (lower
left). Propidium iodide (PI) was omitted from sorting
experiments because the H3S10ph mark was
sufficient to detect mitotic cells. Percentages
indicate mitotic indices of representative experi-
ments. FSC-A, forward scatter (cell size).
(B) IF of anti-H3S10ph and DAPI stained cells
confirms high purity of mitotic cells following
nocodazole treatment only after cell sorting.
(C) ChIP experiments showing complete pol2
dissociation from highly transcribed housekeeping
genes in sorted but not unsorted nocodazole-
treated cells. Cd4, negative control.
(D–F) ChIP using control IgG, antihistone H3, and
anti-RbBP5 served as controls. Error bars denote
SEM (n = 3).conclusions regarding the subnuclear localization of YFP fusion
proteins. During interphase, YFP-GATA1-ER showed strong
nuclear accumulation. In metaphase, most of YFP-GATA1-ER
was dispersed throughout the cytoplasm. However, strong focal
accumulations of YFP-GATA1-ER appeared to colocalize with
chromatin. Similar results were observed with GATA1-ER-YFP,
and constructs lacking the ER moiety (YFP-GATA1, Cherry-
GATA1),butnotYFPalone (FigureS1A). Toward theendofmitosis,
GATA1 fully relocalized with DNA-dense regions, as expected.
Quantitative image analysis confirmed the colocalization of
YFP-GATA1-ER foci with metaphase chromatin (Figure 1B).Cell 150, 725–73Hoechst staining intensities were used to
define intra- and extra-chromosomal terri-
tories. Subsequently, we examined the
partitioning with regard to these territories
of themost intenseGATA1 foci, defined as
contiguous patches of bright (top tenth
percentile) pixels. This revealed unequiv-
ocal colocalization of YFP-GATA1-ER
foci with Hoechst positive mitotic chro-
matin (Pearson correlation coefficient of
0.98). These foci were virtually excluded
from the extrachromosomal space.
Prior work did not identify mitotic chro-
matin-associatedGATA1 (Xin et al., 2007),
perhaps because it represents a relatively
small fraction of total GATA1. However,
ChIP analysis unequivocally demon-
strates that GATA1 selectively occupies
a subset of its targets in mitosis (below).
Purification of Mitotic
Hematopoietic Cells
Determining the genomic occupancy of
GATA1 specifically during mitosis byChIP requires the generation of pure preparations of mitotic
cells. We developed a protocol that is based on fluorescence-
activated cell sorting (FACS) by using the mitosis-specific
marker histone H3 phosphorylated at serine 10 (H3S10ph)
(Hendzel et al., 1997) under conditions allowing for subsequent
ChIP (Figure 2A). This method consistently yielded R98%
mitotic cells as determined by postsort flow cytometry, Immuno-
fluorescence (IF) visualizing anti-H3S10ph staining, or DAPI
staining to detect cells with condensed prometaphase chro-
matin (Figures 2A and 2B). We confirmed that chromatin
fragmentation of asynchronous and mitotic material was7, August 17, 2012 ª2012 Elsevier Inc. 727
comparable (Figure S2A). Importantly, ChIP showed that pol2
occupancy at the 50 transcribed regions of highly expressed
housekeeping genes was reduced to undetectable levels in
purified mitotic cells (Figure 2C), consistent with their transcrip-
tional silencing, whereas in cells that were not FACS-purified,
pol2 occupancy was only partially reduced commensurate
with the incomplete degree of mitotic enrichment. Antihistone
H3 ChIP produced equal signals in mitotic and asynchronous
cells (Figure 2D). Moreover, RbBP5, a MLL-associated protein
that is retained at highly transcribed housekeeping genes during
mitosis (Blobel et al., 2009), remained bound at target sites
(Figure 2E). Control ChIP with isotype-matched IgG showed
a very small but consistent increase in background signal in
the sorted samples (Figure 2F), likely due to a small amount
of residual anti-H3S10ph antibody bound to mitotic chromatin
after sonication. In concert, these results demonstrate the
usefulness of this protocol to purify mitotic cells for ChIP
analysis.
Mitotic GATA1 Binding Sites Tend to Mark Key
Regulators of Hematopoiesis
Using ChIP-seq we determined the genome-wide occupancy
of GATA1 in purified mitotic G1E cells expressing GATA1-ER
(G1E-ER4). Data sets were aligned with those from asynchro-
nous G1E-ER4 cells (Cheng et al., 2009), which consist to
>97% of interphase cells (Figure 2A). The results show that
GATA1 binding profiles in interphase andmitosis are overlapping
but distinct (Figure 3A). We observed a substantial reduction of
GATA1 occupancy during mitosis (Figure 3B), consistent with
the imaging studies. 533 out of 10,035 (5.3%) interphase
GATA1-occupied sites (OS), mapping near 4% of all genes,
were retained on chromatin during mitosis (IM-OS). In addition,
at most IM-OS the signal was lower during mitosis when
compared to interphase (Figures 3A and 4A). It is possible that
this is due to reduced binding of GATA1 cofactors during mitosis
(see below) that might contribute to stable chromatin association
(Letting et al., 2004; Pal et al., 2004). Surprisingly, a considerable
number of sites (1,106) appeared to bind GATA1 preferentially
during mitosis (M-OS), which might account for part of the
signal seen in Figure 1. ChIP-qPCR showed substantial GATA1
enrichment at 17 out of 18 examined M-OS and IM-OS and the
loss of binding at I-OS, thus validating the ChIP-seq data
(Figures S2B and 3A). Results were further validated with anti-
bodies against the ER moiety of GATA1-ER (Figure S2C).
ChIP-qPCR also showed that a few regions identified as M-OS
also bind GATA1 in interphase, albeit at lower levels (data not
shown), which is likely due to stringent peak calling criteria.
To test whether endogenous GATA1 associates with mitotic
chromatin in primary cells, we performed ChIP in mitotic E14.5
fetal liver erythroblasts (Figure S2D). In spite of subtle differences
between those cells and G1E-ER4 cells, likely due to the hetero-
geneity of fetal liver erythroblasts with regards to their differenti-
ation, the results essentially confirmed the occupancy patterns
observed in G1E-ER4 cells (Figure 3D). These experiments,
together with mitotic ChIP experiments performed in MEL cells,
also allowed us to confirm that GATA1 bookmarks the Gata1
locus, which is altered in G1E-ER4 cells due to the presence of
the targeting construct (Figures S2E–S2G).728 Cell 150, 725–737, August 17, 2012 ª2012 Elsevier Inc.Bioinformatic analyses revealed that I-OS and IM-OS are
strongly enriched for the GATA1 consensus motif (WGATAR),
whereas M-OS lack enrichment of the WGATAR motif over
random occurrence (Figure 3C) and frequently map to simple
(GATA)n repeats distal to annotated gene loci (Figure 4A and
data not shown). I-OS and IM-OS preferentially localize to
promoters and bodies of genes with IM-OS being more enriched
at promoters (21%) when compared to I-OS (9%, Figure 4A). In
contrast, M-OS are rarely found near promoters (Figure 4A).
To examine whether I-OS, IM-OS, and M-OS map to genes
with distinct functional annotations, we used the Genomic
Regions Enrichment of Annotations Tool (GREAT) (McLean
et al., 2010). As might be expected, I-OS were highly associated
with genes that are essential for differentiation of erythroid and
the closely related megakaryocytic lineages (Figure 4B). Addi-
tional categories of GATA1-occupied genes include the general
transcriptionmachinery, genes involved in erythroidmetabolism,
and ‘‘housekeeping’’ processes. Remarkably, genes associated
with IM-OS showed a much-constricted range of ontologies,
strongly favoring genes that are essential for the development
of the erythro-megakaryocytic lineage (Figure 4C). To ensure
that the contraction of ontologies reflects a true redistribution
of GATA1 occupancy in mitosis, we performed a discriminatory
analysis in which IM-OS were tested against all interphase
sites (i.e., the union of I-OS and IM-OS) as background, which
produced a very similar set of enriched categories (Figure S3J).
In contrast, GREAT analysis of M-OS showed no significantly
associated categories, even when only the minor fraction
(17%) of M-OS containing GATA1 consensus motifs was
analyzed. Gene-distal binding sites (>3 kb from annotated
genes) are overrepresented in the M-OS fraction (Figure 4A),
suggesting that they might represent distal cis-regulatory
elements regulating erythroid-important genes. We therefore re-
analyzed just these gene-distal M-OS with GATA1 consensus
motifs and found no enrichment for any specific gene ontologies.
When we inspected the gene ‘‘hits’’ the IM-OS-associated
ontologies we noticed that, on average, 40.5% correspond to
nuclear regulators (Table S1). Notably, these include many of
the key DNA binding factors known to regulate erythroid
development such as Gata1, Gata2, Zfpm1, Klf1, and others
highlighted in Figure 4D. Examination of ChIP-seq tracks
revealed that additional erythropoietic factors (e.g., Ldb1,
Bcl11a, Zbtb7a/LRF) showed mitotic GATA1 signals clearly
above background that were barely below the highly stringent
peak calling thresholds. Interestingly, prototypical GATA1
targets not encoding nuclear factors, such as a- (Hba) and
b- (Hbb) globins as well as many known GATA1 targets not
directly involved in hematopoietic development did not exhibit
mitotic occupancy. Examples of contrasting occupancy patterns
are shown in Figure 3A.
In conclusion, ChIP-seq of GATA1 in highly pure mitotic
erythroid cells revealed a mitotic contraction of GATA1 chro-
matin occupancy, concentrating on genes that encode nuclear
factors essential for erythroid differentiation.
Histone Marks at I-OS, IM-OS, and M-OS
We next enquired whether select histone modifications are
associated specifically with I-OS, IM-OS, or M-OS. Using
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Figure 3. Genome-wide Distribution of GATA1 in Interphase and Mitosis
(A) GATA1 ChIP-seq profiles in interphase and mitosis at indicated representative loci with peaks in interphase and mitosis (left) or interphase only (right).
(B) Proportion of sites with GATA1 binding only in interphase (I-OS, blue), mitosis (M-OS, red), or both (IM-OS, purple).
(C) Analysis of motif enrichment of I-OS, IM-OS, or M-OS peaks. The top-ranked motif in both I-OS and IM-OS was the GATA1 consensus motif MA0035.2. Note:
M-OS did not show significant enrichment for GATA1 consensus (WGATAR) motifs.
(D) Anti-GATA1 ChIP-qPCR of E14.5 primary fetal liver erythroblasts at key I-OS and IM-OS. Left: raw data plotted as fraction of input DNA. Right: the same data
(except negative sites) replotted as normalized to GATA1 interphase binding, and control IgG added for comparison. Please note that several sites (Gata1 0.6,
Gata2 2.8) with relatively low signals still display significant enrichment over IgG.
Error bars denote SEM (n = 3).
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Figure 4. Functional Annotation of Mitotic GATA1 Occupancy Reveals Preference for Sites near Tissue-Specific Regulatory Genes
(A) Distribution of peaks relative to the nearest annotated transcription start site (TSS). I-OS and IM-OS but not M-OS are frequently found at proximal promoters
(green, exploded away from pie chart). ‘‘Proximal promoter,’’%3 kb upstream of TSS; ‘‘immediate downstream,’’%3 kb from transcription termination site.
(B andC) Functional analysis of I-OS (B) and IM-OS (C) using GREAT. Significantly enriched gene ontology categories weremanually grouped by their overarching
functional theme. The x axes show binomial raw (uncorrected) p values (log scale). Note that I-OS are associated with ontologies relating to a broad variety of
processes, whereas IM-OS are associatedwith specific defects in erythropoiesis andmegakaryopoiesis. Also note that erythroid andmegakaryocytic cells share
a large fraction of tissue-specific nuclear factors, likely accounting for the admixture of megakaryocyte-themed categories (see Table S1).
(D) GATA1 bookmarks key erythroid transcription factors.genome-wide data sets from G1E-ER4 cells (Wu et al., 2011),
we found that I-OS and IM-OS bear histone marks associated
with transcriptional enhancers (H3K4me1) or active/poised
promoters (H3K4me3) (Figures S3A and S3B). In contrast,
M-OS are enriched for histone marks typically associated with
transcriptional repression (H3K27me3 and H3K9me3, Figures
S3C and S3D). We next measured by ChIP-qPCR the enrich-
ment of H3 di-ac, H4 tetra-ac, H3K4me1, H3K4me3, and total
histone H3 at multiple I-OS and IM-OS in interphase and mitosis
(Figures S3E–S3I). H3 di-ac, but not H4 tetra-ac appeared high
and mitotically stable at select IM-OS. Assessing the discrimina-
tory power of H3 di-ac between I-OS and IM-OS will require
genome-wide measurements of this mark. We also examined730 Cell 150, 725–737, August 17, 2012 ª2012 Elsevier Inc.repressive marks (H3K9me3 and H3K27me3), which were
expectedly low at GATA1 target genes (not shown). None of
these revealed clear distinctions between I-OS and IM-OS, sug-
gesting that the tendency of I-OS for higher H3K4me1 but lower
H3K4me3 levels when compared to IM-OS reflects that the latter
have a higher tendency to reside near promoters (Figure 3A).
Tissue-Specific GATA1Cofactors VacateMitotic GATA1
Binding Sites
We next examined whether GATA1 retains essential cofactors at
mitotically occupied sites. FOG1 is a tissue-specific cofactor
whose association with target genes depends entirely on
GATA factors (Chang et al., 2002; Tsang et al., 1997). ChIP
PosI-OS IM-OSNeg
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
Fr
ac
tio
n 
of
 in
pu
t 
Interphase 
Mitosis 
control IgG
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
H
bb
H
S
2
H
bb
-b
1
pr
om
Zf
pm
1 +2
Zf
pm
1
+4
.7
K
lf1
5'
TR Ly
l1
5'
TR
G
at
a2 -2
.8
C
d4
5'
TR
Fr
ac
tio
n 
of
 in
pu
t 
Interphase 
Mitosis 
ChIP: GATA1 
NegI-OS IM-OS
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
Fr
ac
tio
n 
of
 in
pu
t 
Interphase 
Mitosis 
ChIP: FOG1 
H
bb
H
S
2
H
bb
-b
1
pr
om
Zf
pm
1 +2
Zf
pm
1
+4
.7
K
lf1
5'
TR Ly
l1
5'
TR K
it +5
NegI-OS IM-OS
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.1 
Fr
ac
tio
n 
of
 in
pu
t 
Interphase 
Mitosis 
ChIP: TAL1
H
bb
H
S
2
H
bb
-b
1
pr
om
Zf
pm
1 +2
Zf
pm
1
+4
.7
K
lf1
5'
TR Ly
l1
5'
TR K
it +5
NegI-OS IM-OS
E
C
A B
D
DNaseI Sensitivity Assay
H
bb
H
S
2
H
bb
-b
1
pr
om
Zf
pm
1 +2
Zf
pm
1
+4
.7
K
lf1
5'
TR Ly
l1
5'
TR K
it +5
NegI-OS IM-OS
0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 
H
bb
 IV
R
16
 
C
d4
 5
'T
R
 
H
bb
-b
h1
 p
ro
m
 
H
bb
 H
S
1 
H
bb
 H
S
2 
H
bb
 H
S
3 
H
bb
 H
S
4 
H
bb
 H
S
5 
K
it 
-1
14
 
G
at
a2
 p
ro
m
 
H
bb
-b
1 
pr
om
 
E
ra
f p
ro
m
 
S
lc
4a
1 
pr
om
 
K
lf 
5'
TR
 
Zf
pm
1 
+2
 
Zf
pm
1 
+4
.7
 
Ly
l1
 p
ro
m
 
Ly
l1
 5
'T
R
 
C
oq
7 
pr
om
 
- GATA1 vs +GATA1 
0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
H
bb
 IV
R
16
 
C
d4
 5
'T
R
 
H
bb
-b
h1
 p
ro
m
 
H
bb
 H
S
1 
H
bb
 H
S
2 
H
bb
 H
S
3 
H
bb
 H
S
4 
H
bb
 H
S
5 
K
it 
-1
14
 
G
at
a2
 p
ro
m
 
H
bb
-b
1 
pr
om
 
E
ra
f p
ro
m
 
S
lc
4a
1 
pr
om
 
K
lf 
5'
TR
 
Zf
pm
1 
+2
 
Zf
pm
1 
+4
.7
 
Ly
l1
 p
ro
m
 
Ly
l1
 5
'T
R
 
C
oq
7 
pr
om
 
+ GATA1: Interphase vs Mitosis 
Fr
ac
tio
n 
of
 c
op
ie
s 
re
m
ai
ni
ng
PosI-OS IM-OSNeg
Interphase 
Mitosis 
- GATA1
+ GATA1
H
bb
IV
R
3
H
bb
IV
R
3
H
bb
IV
R
3
Figure 5. GATA1 Cofactor Occupancy and
DNaseI Sensitivity at GATA1 Binding Sites
during Mitosis
(A–D) ChIP-qPCR with indicated antibodies of
asynchronous cells of which >97% are in inter-
phase (blue) or purified mitotic (red) induced G1E-
ER4 cells. Primers interrogated I-OS, IM-OS, and
negative control sites (Neg).
(E) DNaseI sensitivity analysis of G1E cells during
interphase and mitosis at I-OS and IM-OS or
constitutively sensitive (Pos) and insensitive (Neg)
control sites. Left: asynchronous G1E (- GATA1)
cells are compared with E2-induced G1E-ER4
cells (+ GATA1). Note marked increase of DNaseI
sensitivity in response to GATA1 activation at the
Hbb-b1, Eraf, Slc4a1, Zfpm1, and Klf1 genes.
Right: Asynchronous (blue) and purified mitotic
(red) E2-induced G1E-ER4 cells (+ GATA1). Note
that sensitivity is largely maintained inmitosis even
at I-OS where GATA1 dissociates during mitosis.
All error bars denote SEM (n = 3).revealed that during mitosis FOG1 is depleted from all examined
GATA1-occupied sites, regardless of whether GATA1 is retained
at these sites or not (Figures 5A and 5B).
SCL/TAL1 and its associated proteins LMO2, Ldb1/Nli1 are
essential for hematopoietic stem cell homeostasis as well as
erythroid andmegakaryocyte development (Le´cuyer andHoang,
2004). Despite the ability to bind DNA directly, recruitment of the
TAL1 complex is to a significant extent independent of direct
DNA binding (Porcher et al., 1999) and is instead mediated via
interactions with other factors such as GATA1 (Tripic et al.,
2009). Similar to FOG1, TAL1 was depleted from all examined
sites, including the IM-OS (Figure 5C). We also examined Ldb1
and LMO2 and, expectedly, found that both of these factors
vacate all tested sites (Figures S4A and S4B). Notably, the
TAL1 complex was lost also from sites where it binds DNA
directly, such as the DNaseI hypersensitive site 2 (HS2) of the
b-globin locus control region (LCR) (Elnitski et al., 1997) (Fig-
ure 5C) and the Gata2 locus (not shown), suggesting that it
does not play a direct role in marking mitotic genes. Together,Cell 150, 725–737these results indicate that essential
cofactor complexes surrounding GATA1
separate from mitotic chromatin.
Maintenance of DNaseI
Hypersensitivity during Mitosis Is
Independent of GATA1
It is possible that changes in chromatin
structure that are exerted by GATA1
contribute to the epigenetic propagation
through mitosis of GATA1-dependent
transcription states. It is also possible
that compaction of chromatin displaces
GATA1 from some of its targets, although
generally, mitotic chromosomes are
accessible to transcription factors (Chen
et al., 2005). Because GATA elements
are required for the establishment ofHSs at the b-globin LCR (Stamatoyannopoulos et al., 1995),
we measured HS formation by qPCR in G1E- and E2-treated
G1E-ER4 cells at several GATA1-occupied sites. GATA1 in-
creased DNaseI sensitivity at some but not all of its binding sites
(Figure 5E). Similar results were obtained over a range of DNaseI
concentrations (Figure S4C). To determine whether GATA1-
occupied HS are stable during mitosis and whether their mainte-
nance depends on GATA1, we compared DNaseI sensitivity of
I-OS and IM-OS in mitotic and asynchronous E2-treated G1E-
ER4 cells. We found that almost all HSs persisted during mitosis,
regardless of their degree of hypersensitivity and independently
of GATA1 occupancy (Figure 5E). This suggests that although
GATA1 participates in HS formation, HS propagation through
mitosis is mediated by a GATA1-independent mechanism.
Mitotic GATA1 Occupancy Correlates with Rapid
Transcriptional Reactivation after Mitosis
Maintenance of GATA1 occupancy through mitosis might aid
timely reactivation of transcription in newly divided cells. We, August 17, 2012 ª2012 Elsevier Inc. 731
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Figure 6. Rapid Transcriptional Reactiva-
tion of Genes Occupied by GATA1 during
Mitosis
(A) Flow cytometry of YFP-MD (left) or YFP-
MD(R42A) (right) intensity as a function of DNA
content. Note that MD but not MD(R42A) confers
mitotic destruction.
(B) Flow cytometry as in A) of cells treated with
nocodazole and released for 0 hr, 2 hr, 4 hr, or 6 hr
shows gradual accumulation of cells in G1. Red
boxes indicate gates that were used to collect cells
for pre-mRNA (PT) RT-qPCR analysis.
(C) PT RT-qPCR in G1E-ER4 cells of genes bound
by GATA1 in interphase and mitosis (upper) or in
interphase only (lower). Data are plotted as a frac-
tion of steady state levels in asynchronous cells
(Async) that were set to one. Error bars show SEM
(n = 3).therefore compared gene reactivation kinetics at mitotically
bookmarked and vacated GATA1 target genes followingmitosis.
However, as discussed above, incomplete cell synchronization
by conventional treatments hampered mitotic arrest-release
experiments. The mitosis-specific degradation domain (MD) of
cyclin B1 (amino acids 13–91) is sufficient for APCCdc20-depen-
dent protein destruction at the metaphase-anaphase transition
(Glotzer et al., 1991; Holloway et al., 1993). We reasoned that
fusion of YFP to the cyclin B1MDwould allow tracing of live cells
through the cell cycle when combined with Hoechst 33342
staining for DNA content. When asynchronous G1E stably
expressing YFP-MD were exposed to Hoechst 33342, and
analyzed by flow cytometry (Figure 6A), the highest YFP fluores-
cence was evident in cells with 4N DNA content, representing
late G2 and early mitotic cells. Progression through anaphase
was accompanied by YFP-MD destruction. Subsequent cytoki-
nesis generated 2N cells that gradually resynthesized YFP-MD
after APCCdc20 inactivation. Mutation of a single arginine732 Cell 150, 725–737, August 17, 2012 ª2012 Elsevier Inc.(R42A) within the destruction box
inactivates the MD (Glotzer et al., 1991)
leading to constitutive expression of
YFP-MD(R42A). Expression of YFP-MD
or YFP-MD(R42A) did not perturb the
cell-cycle profile, growth rate, or viability
of G1E cells (Figure S5A and data not
shown). These findings establish the
usefulness of YFP-MD in combination
with Hoechst stain to purify live cells at
distinct cell-cycle stages.
To enrich for cells exiting mitosis, cells
were treated with nocodazole for 6 hr
and sorted by FACS at various time
points following nocodazole wash-out
(Figure 6B). As expected, nocodazole-
induced metaphase block enriched for
YFP-high/4N populations but also pro-
duced YFP-low/4N cells. The latter
population, which represents cells that
‘‘slipped’’ through the mitotic checkpoint,
was efficiently eliminated by FACS. At2 hr post release, the majority of cells were YFP-low/2N, consis-
tent with the emergence of early G1 cells. At 4 hr and 6 hr
post release, cells resumed synthesis of YFP and progressed
into early S phase. The validity of this method to examine
transcription reactivation as cells exit mitosis was confirmed
by measuring pre-mRNA (primary transcript, PT) and mature
mRNA of the MLL/RbBP5-bookmarked gene Pabpc1 (Figure 2E
and Blobel et al., 2009) in G1E-ER4 cells (Figures S5B and S5C)
and by demonstrating that Pol2 occupancy at 50 transcribed
regions closely mirrors PT levels (Figures S5C–S5H).
To determine whether mitotic GATA1 occupancy correlates
with rapid reactivation of transcription, we examined three
GATA1 target genes that display mitotic GATA1 binding sites
(Zfpm1, Nfe2, and Runx1) and three that are bound by GATA1
only in interphase (Hba-a1, Hbb-b1, and Epb4.9). Primary tran-
script RT-qPCR of induced G1E-ER4 cells showed that the latter
group reached steady state levels in a gradual fashion (Fig-
ure 6C). In contrast, and analogous to the MLL-bookmarked
Pabpc1 gene (Figure S5C), genes marked by GATA1 in mitosis
reactivated more rapidly, reaching near-steady state levels as
early as 2 hr after release. Mature mRNA levels of these genes
were not significantly altered throughout these time points, as
expected (data not shown). These results provide correlative
evidence that GATA1 acts on its mitotic target genes to facilitate
rapid transcription reactivation after mitosis.
Mitosis-Specific Degradation of GATA1 Delays
Reactivation of Bookmarked Genes
Mitotic retention of select nuclear factors has led to the specula-
tion that they serve to faithfully preserve transcription patterns or
the rapid onset of transcription in early G1. Although this idea is
attractive, there is scarce direct experimental evidence to
support it (see Introduction). To inhibit GATA1 activity during
mitosis while minimizing the impact on GATA1 activity in inter-
phase, we set out to degrade GATA1 specifically in mitosis. To
this end we fused GATA1-ER to the cyclin B MD or MD(R42A),
stably introduced fusion constructs into G1E cells and analyzed
their abundance by IF microscopy. Notably, MD-GATA1-ER but
not MD(R42A)-GATA1-ER was depleted in early anaphase (Fig-
ure 7A). Please note that steady state levels of both proteins
were similar (Figure 7B). In addition, MD-GATA1-ER is restored
to the same levels as MD(R42A)-GATA1-ER at 4 hr after mitosis
(Figure S6A).
To examine the effect of mitosis-specific GATA1 degradation
on transcription reactivation we combined the MD-GATA1-
ER and the YFP-MD systems. MD-GATA1-ER or MD(R42A)-
GATA1-ER was coexpressed with YFP-MD in G1E cells,
followed by exposure to E2 and nocodazole treatment. At indi-
cated time points following release, cells were FACS-purified
and GATA1 target gene transcription rates measured by PT-
RT-qPCR. Pabpc1, which is not a GATA1 target gene and is
bookmarked independently of GATA1, showed rapid reactiva-
tion independently of the mitotic presence of GATA1 (Fig-
ure S6B). Cells expressing MD(R42A)-GATA1-ER activated
the mitotically marked genes (Zfpm1, Nfe2, and Runx1) with
rapid kinetics, whereas the Hba-a1, Hbb-b1, and Epb4.9
genes activated more slowly (Figure 7C), similar to cells
expressing GATA1-ER. In contrast, in cells expressing MD-
GATA1-ER, the time for bookmarked genes to reach steady
state transcription levels was significantly prolonged. However,
the activation of the nonbookmarked genes Hba-a1, Hbb-b1,
and Epb4.9 was remarkably similar in cells expressing either
construct. These results indicate that genes at which GATA1
is retained during mitosis require GATA1 for their timely
reactivation.
GATA1 also functions as a direct repressor of genes that mark
the immature proliferative state, including Kit, Gata2, and Lyl1
(Grass et al., 2003; Jing et al., 2008; Johnson et al., 2007;
Munugalavadla et al., 2005; Weiss et al., 1994; Weiss et al.,
1997), all three of which retain GATA1 at some sites during
mitosis. We asked whether mitotic retention of GATA1 is
required to maintain full repression. Notably, MD-GATA1-ER
was significantly less effective in repressing these genes when
compared to MD(R42A)-GATA1-ER (Figure 7D). Because Kit is
expressed on the cell surface, results were confirmed by flow
cytometry (Figure 7E). In summary, mitosis-specific destructionof GATA1 leads to delayed activation and impaired repression
of mitotically marked GATA1 target genes.
DISCUSSION
Here, we investigated mechanisms by which cells transmit
transcriptional information through mitosis. We found that in
contrast to most other DNA-binding factors, GATA1 remains
bound during mitosis to a subset of its target genes. Notably,
mitotic GATA1 preferentially occupies genes encoding lineage-
specific transcription factors. Using a version of GATA1 that is
selectively destroyed during mitosis, we show that mitotic
GATA1 occupancy is required for the rapid reactivation of these
genes in newborn cells. We suggest that mitotic GATA1 occu-
pancy of hematopoietic regulatory genes ensures their rapid
expression to faithfully maintain lineage-specific gene expres-
sion patterns.
In contrast to MLL, which preferentially marks highly ex-
pressed genes during mitosis (Blobel et al., 2009), GATA1’s
mitotic binding is not correlated with the level of transcription.
In addition, MLL tends to be retained at housekeeping genes,
whereas GATA1 favors association with lineage-specific regula-
tory genes. Thus, distinct categories of genes appear to rely on
distinct classes of bookmarking factors.
An important technical aspect of the present work concerns
the high degree of purification of mitotic cells using FACS-
based method. Omission of a mitosis-specific marker can lead
to an underestimate of interphase cells contaminating a mitotic
cell preparation. Indeed, it is possible that disparate results
regarding the degree of maintenance of certain histone marks
and nuclear factors on chromatin (Delcuve et al., 2008) might
be attributed to variable contributions by contaminating inter-
phase cells. Because histone H3S10 is globally phosphorylated
in mitosis in all eukaryotes (Prigent and Dimitrov, 2003), FACS-
based purification of mitotic cells should be broadly applicable.
How is GATA1 retained at some sites but not others? No differ-
ences in the GATA consensus sequence were found between
I-OS and IM-OS. GATA1 associates with tissue-specific cofac-
tors some of which (e.g., FOG1) facilitate GATA1 chromatin
occupancy (Letting et al., 2004; Pal et al., 2004). We found that
all examined GATA1 cofactors (FOG1, TAL1, Ldb1, and LMO2)
vacate mitotic chromatin regardless of whether GATA1 is
retained, suggesting that they do not influence GATA1 binding
to mitotic chromatin. Mitotic removal of nuclear factors often
occurs via phosphorylation by mitotic kinases (for review see
Delcuve et al., 2008). It will be interesting to examine phosphor-
ylation states of the FOG1 zinc fingers that bind GATA1, as well
as GATA1 binding modules of the other cofactors. Regardless of
the mechanism, these results are consistent with a function for
GATA1 as mitotically stable platform upon which coregulator
complexes are reassembled at the appropriate genomic loca-
tions to restore cell-specific transcription programs.
Surprisingly, DNaseI hypersensitivity is preserved during
mitosis at all examined GATA sites independently of the mitotic
presence of GATA1, reminiscent of HSs at the Hsp70 promoter
(Martı´nez-Balba´s et al., 1995). These results suggest that occlu-
sion of GATA elements by nucleosomes is not a general mecha-
nism by which GATA1 is ejected from its binding sites duringCell 150, 725–737, August 17, 2012 ª2012 Elsevier Inc. 733
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Figure 7. Mitosis-Specific Destruction of GATA1 Delays Reactivation of Bookmarked Genes
(A) IF images demonstrate destruction of MD- but not MD(R42A)-tagged GATA1 constructs at the metaphase-anaphase transition. All cells shown had similar
expression of GFP, indicative of similar steady-state MD-GATA1-ER levels.
(B) Western blots of whole-cell lysates show that MD-GATA1-ER and MD(R42A)-GATA1-ER expression is comparable to endogenous GATA1 levels (compare
with Figure S1B).
(C) PT-RT-qPCR analysis in G1E cells expressingMD-GATA1-ER (green) andMD(R42A)-GATA1-ER (gray). MD(R42A)-GATA1-ER reactivates bookmarked genes
similarly to GATA1-ER (compare with Figure 6C). Mitotic destruction of GATA1 delays reactivation of genes occupied by GATA1 in mitosis, but does not affect
reactivation of genes that are vacated during mitosis. Data are plotted as in Figure 6C. Error bars denote SEM and n = 6.
(D) Gene expression levels in G1E cells expressing indicated constructs plotted as fold repression compared to uninfected G1E cells.
(E) Flow cytometry of Kit surface expression reveals failure to fully repress Kit expression by MD-GATA1-ER. Left: Mean fluorescent intensity; right: histogram of
Kit detection in a representative experiment. All error bars denote SEM and n = 3 for RT-qPCR and FACS.
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mitosis. At present it remains unclear what structurally distin-
guishes IM-OS from I-OS. Neither de novo computational motif
discovery nor the directed search for elements known to
frequently locate close to GATA1 elements, including E-boxes,
Ets, and CACCC elements revealed sequences that reliably
discriminate between I-OS and IM-OS. However, select features
showed moderate differences among IM-OS when compared
to I-OS (summarized in Table S2). These include promoter
proximity, enrichment for H3K4me3, lower levels of H3K4me1,
and the more frequent occurrence of multiple GATA1 elements
per GATA1 OS. The identification of patterns that discriminate
between I-OS and IM-OS will require a comprehensive charac-
terization in interphase and mitosis and subsequent functional
analysis of chromatin modifying factors, histone modifications,
transcription factors and their modifications.
In contrast to I-OS and IM-OS, M-OS frequently contain
(GATA)n repeats and repressive H3K9me3 and H3K27me3
marks. Moreover, M-OS were not found near annotated
promoters, and GREAT analysis did not reveal any significantly
enriched gene ontologies of M-OS-associated genes, calling
into question whether these sites play a direct role in transcrip-
tional regulation. It is possible that they serve as temporary
‘‘storage’’ sites for GATA1 that has been displaced from its
interphase genomic locations.
By comparing postmitotic reactivation kinetics of GATA1
bookmarked versus nonbookmarked genes, we found that the
former reached steady state levels more rapidly than the latter.
In cells expressingmitotically unstable GATA1, postmitotic reac-
tivation of bookmarked target genes is delayed. Although we
cannot fully exclude the possibility that the need to resynthesize
the mitotically degraded GATA1 protein in the earliest stage
of G1 contributed to the delay in transcriptional reactivation,
GATA1 target genes that are not bookmarked reached steady
state levels with normal kinetics. In concert, these experiments
demonstrate a mitosis/early G1-specific requirement of a DNA
binding factor.
Because a tissue-determining transcription factor such as
GATA1 assumes a bookmarking function during mitosis, it is
likely that additional nuclear factors that regulate lineage choice
and cellular maturation will emerge to carry out similar functions.
In this context it is worth noting that the mitotic degradation
domain is modular and the mitosis-specific protein destruction
functions through ubiquitous intracellular machinery requiring
no exogenous factors. These features should make it possible
to examine any factor in any given tissue for a potential role in
mitotic bookmarking.EXPERIMENTAL PROCEDURES
Mitotic ChIP
ChIP assays were performed as described (Letting et al., 2003) with the
following modifications. G1E-ER4 cells were induced with 100 nM estradiol
for 18 hr. Nocodazole (Sigma) was added (200 ng/ml) for 6–7 hr before harvest.
Cells were crosslinked with 1% (0.33M) formaldehyde in PBS at room temper-
ature for 10 min and quenched with 1 M glycine for 5 min to avoid formation of
clogs during sorting. Cells were stained with anti-H3S10ph antibodies and
Dy649-conjugated anti-rabbit IgG (Jackson Immuno) F(ab’)2 antibody frag-
ments in PBS supplemented with 2% FBS, 2 mM EDTA, 1 mM PMSF, and
protease inhibitor cocktail (Sigma). The use of F(ab’)2 minimized nonspecificcapture by protein A/G beads used for subsequent ChIP. 107 H3S10ph-posi-
tive cells per IP were sorted on a FACSAria II (Beckton Dickinson). ChIP mate-
rial from 63 107 cells was analyzed by high-throughput sequencing (Extended
Experimental Procedures).
Mitotic Arrest-Release Experiments
YFP-MD constructs were introduced into G1E-ER4 cells. YFP-high cells were
enriched by FACS. For mitosis-release experiments, cells were treated with
nocodazole for 6–12 hr and replated into fresh medium (37C). After staining
with 32 mM Hoechst 33342 for 45 min at 37C, cells were sorted into TRIZOL
LS (Invitrogen). RNA was purified using RNeasy mini columns (QIAGEN),
reverse transcribed, and cDNA was quantitated by qPCR (SYBR green,
Applied Biosystems). For primer sequences see Extended Experimental
Procedures.
Mitotic Destruction of GATA1
MD-GATA1-ER and MD(R42A)-GATA1-ER were introduced into G1E cells.
Expression was adjusted by monitoring GFP levels. Whole-cell lysates were
prepared by boiling 106 cells in Laemmli buffer (63 mM Tris HCl, 10% glycerol,
2% SDS, 0.0025% bromophenol blue) followed by sonication, SDS-PAGE,
and western blotting. IF was performed as described in the Extended Experi-
mental Procedures by using GATA1 antibodies. Surface expression of Kit on
G1E cells was measured by using a FACSCanto (BD) after staining with
APC-conjugated anti-Kit antibodies.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six
figures, and two tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2012.06.038.
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